Introduction {#sec1}
============

Nitric oxide (NO) is a pleiotropic signaling molecule produced endogenously by NO synthases in diverse biological systems. *S*-Nitrosylation is the addition of a NO group to a specific cysteine (Cys) residue of a protein to form a *S*-nitrosothiol. This prototypic, redox-based post-translational protein modification process has been increasingly recognized as a key cellular and molecular mechanism for NO signaling and plays an important role in physiological conditions and in diseases such as diabetes, asthma, heart failure, cancer, and neurodegenerative disorders.^[@ref1]−[@ref3]^*S*-Nitrosylation of critical Cys residues on specific proteins regulates their activities and has been demonstrated in protein misfolding resulting in interference of normal cellular functions.^[@ref3]^

In order to investigate mechanisms underlying NO signaling, a number of methods have been established for identifying *S*-nitrosylated proteins (SNO-proteins) and mapping their *S*-nitrosylated cysteine (SNO-Cys) sites. The biotin switch technique (BST) developed by Jaffrey et al.^[@ref4]^ is the most commonly used approach to detect SNO-proteins *in vivo*. It involves first blocking free thiols with a sulfhydryl-reactive reagent, such as *S*-methyl methanethiosulfonate (MMTS), then selectively reducing the *S*-nitrosothiols with ascorbate, and labeling with *N*-\[6-(biotinamido)hexyl\]-3′-(2′-pyridyldithio) propionamide (biotin-HPDP). The biotinylated SNO-proteins can be enriched via avidin-agarose affinity capture, and then proteins of interest are detected by immunoblotting. Despite its popularity, this method is relatively low-throughput, and it is difficult to locate the modification sites. Additionally, the biotin affinity enrichment may introduce false positive signals due to the existence of endogenous biotin-like molecules. To specifically assess SNO-Cys modification status and increase the throughput of detection, several mass spectrometry (MS)-based methods have been developed by modifying the BST protocol, including SNO-Cys site identification (SNOSID), *S*-nitrosothiol resin-assisted capture (SNO-RAC), *S*-alkylating labeling strategy, and cysTMT switch assay.^[@ref5]−[@ref8]^ However, none of these modified BST methods are able to achieve all of the following features desired for comprehensive characterization of SNO-Cys modification: a simple, robust workflow for SNO-protein identification, an irreversible thiol linkage for effective peptide digestion and for unambiguous SNO-Cys mapping, as well as sample multiplexing for increased throughput and relative quantification of SNO-proteins under various conditions.

In this study, we present a novel MS-based modified BST, the iodoTMT switch assay (ISA), using Cys thiol-reactive iodoacetyl tandem mass tag (iodoTMT) sixplex reagents to identify and quantify protein *S*-nitrosylation. With a simple workflow, ISA accomplishes irreversible labeling of SNO-Cys sites, *S*-nitrosylated peptide (SNO-peptide) enrichment using high affinity anti-TMT chromatography with competitive elution, and multiplex quantification of protein *S*-nitrosylation via six unique TMT mass reporter ions. Notably, this workflow is capable of detection and quantification of SNO-Cys modifications under physiological and pathological conditions. In this study, we applied this approach to the investigation of protein *S*-nitrosylation in a neuroinflammation model―endotoxin lipopolysaccharide (LPS)-stimulated immortalized murine BV-2 microglial cells---representing a convergent nitrosative stress and neuroinflammatory response in the pathogenesis of age-associated neurodegenerative diseases.^[@ref9],[@ref10]^ We further evaluated the effects of *S*-allyl cysteine (SAC), an active nutritional compound of aged garlic extract (AGE), on LPS-stimulated *S*-nitrosylation in BV-2 cells.

Materials and Methods {#sec2}
=====================

Materials {#sec2.1}
---------

The iodoTMTsixplex reagents, anti-TMT antibody, immobilized anti-TMT antibody resin, bicinchoninic acid (BCA) protein assay kit, C18 tips, and primary antibodies for protein validation were obtained from Thermo Fisher Scientific (Rockford, IL). Fetal bovine serum (FBS) was purchased from Atlanta Biologicals, Inc. (Lawrenceville, GA). Sep-Pak tC18 1 cc Vac Cartridges were purchased from Waters (Dublin, Ireland). Amersham ECL Prime Western Blotting Detection Reagent was purchased from GE Healthcare (Buckinghamshire, UK). Trypsin (modified, sequencing grade) was obtained from Promega (Madison, WI). Dulbecco's modified Eagle's medium (DMEM), penicillin-streptomycin, and [l]{.smallcaps}-glutamine were obtained from Gibco (Grand Island, NY). All other reagents including SAC (a garlic active component) were from Sigma-Aldrich (St. Louis, MO). The purity and stability of SAC were validated prior to use through the Nutrition Core of the Center for Botanical Interaction Studies at the University of Missouri.

Cell Culture and Treatment {#sec2.2}
--------------------------

The immortalized murine BV-2 microglial cells were cultured in DMEM containing 5% (v/v) heat-inactivated FBS, 25 U/mL penicillin, and 25 μg/mL streptomycin at 37 °C in a saturated humidity atmosphere containing 95% (v/v) air and 5% (v/v) CO~2~. Cells were plated at a density of 1 × 10^5^/mL medium in 35 mm or 100 mm plates and grown to 70% confluence prior to testing. BV-2 cells were starved for 4 h in FBS-free DMEM (without phenol red) and then exposed to 100 ng/mL LPS for 16 h in the presence or absence of 5 mM SAC or 0.5 mM *N*-ω-nitro-[l]{.smallcaps}-arginine methyl ester hydrochloride ([l]{.smallcaps}-NAME).

Measurement of NO {#sec2.3}
-----------------

Griess assay was performed to measure the production of NO. After LPS stimulation, conditioned medium was collected and mixed with an equal volume of Griess reagent \[1% (w/v) sulfanilamide and 0.1% (w/v) *N*-(1-naphthyl) ethylenediamide in 5% (v/v) phosphoric acid\]. After a 10 min incubation at room temperature (RT), absorbance was read at 543 nm using a BioTek Synergy-4 microplate reader (BioTek Instruments, Inc., Winooski, VT). To calculate NO concentration, a series of sodium nitrite dilutions (0--100 μM) was used to generate a nitrite standard reference curve.^[@ref11]^

MTT Cell Viability Assay {#sec2.4}
------------------------

Cell viability was determined by MTT assay as previously described with modifications.^[@ref12]^ After treatment, 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2*H*-tetrazolium bromide (MTT) was added to the cell culture. After incubation at 37 °C for 4 h, the formed formazan crystals were collected and dissolved in dimethyl sulfoxide (DMSO). The absorbance at 540 nm was read using the Synergy-4 microplate reader.

Protein Sample Preparation {#sec2.5}
--------------------------

For *in vitro S*-nitrosylation, 400 μg of BV-2 cell lysates in HENTS buffer \[250 mM HEPES-NaOH, pH 7.4, 1 mM EDTA, 0.1 mM neocuproine, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, 1% (v/v) protease inhibitor cocktail\] were exposed to a final concentration of 200 μM *S*-nitrosocysteine (SNOC) for 30 min at RT in the dark. *In vivo* treated BV-2 cells were rinsed twice in cold phosphate-buffered saline followed by lysis in HENTS buffer. Protein concentrations were measured by BCA assay following the manufacturer's manual.

iodoTMT Switch Labeling of SNO-Proteins {#sec2.6}
---------------------------------------

The iodoTMT labeling was conducted by modifying the BST method.^[@ref4]^ Free sulfhydryl groups in the protein sample were first blocked with 20 mM MMTS for 30 min at 50 °C with frequent vortexing in HEN (250 mM HEPES-NaOH, pH 7.4, 1 mM EDTA, 0.1 mM neocuproine) buffer containing 2.5% (w/v) SDS. To remove excess MMTS, proteins were precipitated using 4× volume of cold acetone for 30 min at −20 °C. Proteins were then redissolved in HEN buffer containing 1% (w/v) SDS and labeled with 1 mM iodoTMT reagent in the presence of 5 mM sodium ascorbate for 2 h at RT. All above procedures were performed with protection from light. For MS analysis, after acetone precipitation, iodoTMT-labeled proteins were redissolved with Tris-HCl, pH 8.0, containing 0.1% (w/v) SDS. Six different protein samples individually labeled by iodoTMTsixplex reagents were combined before tryptic digestion.

In-Solution Tryptic Digestion and Anti-TMT Peptide Enrichment {#sec2.7}
-------------------------------------------------------------

The iodoTMT-labeled proteins were reduced with 10 mM dithiothreitol (DTT) at 55 °C for 1 h and then alkylated with 25 mM iodoacetamide at 37 °C for 1 h in the dark. After acetone precipitation, the protein pellet was resuspended with 50 mM ammonium bicarbonate containing 20 ng/μL trypsin and digested overnight at 37 °C. Undigested proteins were removed by centrifuge at 2500*g*, RT for 10 min. The peptides were then desalted with 50 mg Waters Sep-Pak tC18 columns and eluted with 50% (v/v) acetonitrile (ACN) and 0.1% (v/v) trifluoroacetic acid (TFA). A small portion of this unfractionated sample was retained for future analysis of the unenriched sample.

For peptide enrichment, the above samples were lyophilized and redissolved in 600 μL of TBS buffer (25 mM Tris-HCl, pH 7.5, 0.15 M NaCl). Typically, 100 μL of settled immobilized anti-TMT antibody resin is employed for enrichment of every 1 mg of *S*-nitrosylated sample. In our experiments, the peptide sample was incubated with 200 μL of settled anti-TMT antibody resin overnight at 4 °C with end-over-end rocking. After the supernatant was removed, the resin was washed three times with one column volume of TBS and three times with one column volume of Milli-Q water. Peptides were finally eluted with four column volumes of elution buffer \[10 mM cis-2,6-dimethylpiperidine (2,6-DMPp)/500 mM tetraethylammonium bicarbonate (TEAB), pH 8.5\].

Protein Identification by Liquid Chromatography--Tandem MS (LC--MS/MS) {#sec2.8}
----------------------------------------------------------------------

A EASY-nLC 1000 HPLC system and EASYSpray source (Thermo Scientific) with EASY-Spray PepMap RSLC C18 25 cm × 75 μm ID column (Thermo Scientific) were used to separate peptides with a 5--25% (v/v) ACN gradient in 0.1% (v/v) formic acid over 120 min at a flow rate of 300 nL/min. Samples were analyzed on Orbitrap Elite and LTQ Orbitrap XL mass spectrometers (Thermo Scientific) using top 15 Fourier transform (FT) MS/MS with higher-energy collision dissociation (HCD) or top 3/3 ion-trap collision-induced dissociation (CID)/FT HCD experiments.

Proteome Discoverer software version 1.4 (Thermo Scientific) was used to search MS/MS spectra against the Swiss-Prot mouse database using the SEQUEST HT or Mascot 2.3 search engines. Dynamic modifications included carbamidomethylation (C), iodoTMTsixplex (C), and methionine oxidation. Resulting peptide hits were filtered for a maximum 5% false discovery rate using the Percolator. The iodoTMTsixplex quantification method within Proteome Discoverer software was used to calculate the reporter ratios with a mass tolerance ±10 ppm.

Surface Plasmon Resonance {#sec2.9}
-------------------------

Anti-TMT antibody affinity was determined using a TMT-derivatized CM5 chip on a BIACORE 3000 instrument (GE Healthcare). For competitive elution buffer scouting, anti-TMT antibody was first bound to TMT-derivatized surface followed by a timed injection of TMT analogue compounds.

SDS-PAGE and Immunoblotting {#sec2.10}
---------------------------

For SDS-PAGE, 4× SDS sample buffer with 1% (v/v) 2-mercaptoethanol was added to the protein samples. Proteins were then resolved on 10%, 1 mm SDS-PAGE gels. For immunoblotting, proteins in SDS-PAGE gel were transferred to a nitrocellulose membrane. The membrane was first blocked in phosphate-buffered saline plus 0.1% (v/v) Tween-20 (PBST) containing 5% (w/v) nonfat milk at RT for 1 h followed by incubation with primary antibody in PBST at 4 °C overnight. After being washed three times with PBST, the membrane was incubated with secondary antibody (anti-mouse IgG-peroxidase antibody produced in goat or anti-rabbit IgG-peroxidase antibody produced in goat, Sigma) in PBST at RT for 1 h. Immuno-reactive bands were visualized using Amersham ECL Prime Western Blotting Detection Reagent and detected with LAS-4000 imaging system (Fujifilm).

Statistical Analysis {#sec2.11}
--------------------

Degree of freedom and *z* score for each iodoTMT modification site was calculated by a special Student's *t*-test, known as Welch's *t*-test.^[@ref13]^ We further used a *t*-distribution^[@ref14],[@ref15]^ implemented in the R statistical package to calculate the *p*-value based on degree of freedom and *z* score. *S*-Nitrosylation level change of a SNO-Cys was considered as significant if its fold change is greater than 1.3 and *p*-value is less than 0.05.

Bioinformatics {#sec2.12}
--------------

Motif consensus sequences for protein *S*-nitrosylation was analyzed by the Motif-X algorithm.^[@ref16]^ SNO-proteins with significant *S*-nitrosylation level changes were subjected to functional annotation by Ingenuity Pathway Analysis (IPA; <http://www.ingenuity.com>) and the in-house MULTICOM-PDCN^[@ref17]^ software.

Results {#sec3}
=======

Detection of SNO-Proteins by iodoTMT Switch Labeling {#sec3.1}
----------------------------------------------------

iodoTMTsixplex reagents are commercially available and were used in the study to determine protein *S*-nitrosylation. Each isobaric iodoTMTsixplex reagent within a set has the same nominal mass and consists of a thiol-reactive iodoacetyl group, a MS-neutral spacer arm, and a MS/MS reporter. The chemical structure of iodoTMT-126 (one of the sixplex reagents; 126 refers to the mass of the reporter ion) is shown in Figure [1](#fig1){ref-type="fig"}A. During MS/MS analysis to derive fragment ions and sequence information, the isobaric mass tags are cleaved generating reporter ions with unique *m*/*z* of 126--131. In ISA, after blocking free thiols in the proteins with MMTS, an iodoTMT reagent is used to irreversibly label nascent thiols generated by the selective reduction of SNO-Cys bonds by ascorbate (Figure [1](#fig1){ref-type="fig"}B). The irreversibility of iodoTMT labeling was validated under our tested conditions ([Supplemental Figure S1, Supporting Information](#notes-4){ref-type="notes"}). To test the specificity of iodoTMT labeling, BV-2 cell lysates were *S*-nitrosylated *in vitro* by exposure to a physiological NO donor SNOC (200 μM) and followed by labeling with iodoTMT-126. As shown in Figure [1](#fig1){ref-type="fig"}C, iodoTMT-labeled samples showed much stronger signals than control conditions without SNOC and/or ascorbate on the anti-TMT immunoblot. To test the sensitivity of the iodoTMT labeling assay, BV-2 cell lysates were treated with different concentrations (10, 50, 100, 200 μM) of SNOC. After switch labeling with iodoTMT-126, SNO-protein signals in SNOC-treated samples exhibited a dose-dependent increase compared to the untreated control sample (Figure [1](#fig1){ref-type="fig"}D). These results suggested that iodoTMT switch labeling is feasible and reliable for detecting SNO-proteins and is sensitive to as low as 10 μM SNOC treatment.

![Detection of protein *S*-nitrosylation by iodoTMT switch labeling. (A) The chemical structure of iodoTMT-126 reagent. The iodoTMTsixplex reagents including iodoTMT-126 illustrated here consist of a Cys thiol-reactive iodoacetyl group, a mass normalizing spacer arm, and a mass reporter. MS/MS fragmentation site by HCD is indicated. (B) Reaction scheme for the labeling of SNO-protein by iodoTMT reagents. Free thiols are first blocked by MMTS. SNO-Cys residues are then selectively released by ascorbate and labeled by thiol-reactive iodoTMT reagents. (C) BV-2 cell lysates *in vitro S*-nitrosylated by SNOC (200 μM) were switch-labeled by iodoTMT-126. This sample exhibited strong signals on the anti-TMT immunoblot, whereas controls omitting SNOC and/or ascorbate displayed much lower signal levels. (D) BV-2 cell lysates exposed to SNOC (0, 10, 50, 100, 200 μM) were switch-labeled by iodoTMT-126. As the concentration of SNOC increased, more SNO-proteins were detected on the anti-TMT immunoblot.](pr-2013-01179v_0002){#fig1}

Optimization of SNO-Peptide Enrichment for the ISA Method {#sec3.2}
---------------------------------------------------------

ISA provides a simple workflow (Figure [2](#fig2){ref-type="fig"}A). The protocol allows both SNO-protein quantification and SNO-Cys site-mapping. Furthermore, up to six different protein samples can be simultaneously analyzed with iodoTMTsixplex reagents, iodoTMT126--131. After individually labeling of protein samples with iodoTMTsixplex reagents as shown in Figure [1](#fig1){ref-type="fig"}B, samples are combined before trypsin digestion (Figure [2](#fig2){ref-type="fig"}A). Since the labeling of Cys thiols by iodoTMT reagents is irreversible, reduction with DTT and alkylation with iodoacetamide are possible for more efficient digestion than that of the reversible thiol reactions. Digested peptides are then subjected to enrichment with anti-TMT antibody resin following the protocol described in [Materials and Methods](#sec2){ref-type="other"}. Because of the low abundance of SNO-proteins and SNO-Cys modifications, it is essential to enrich the iodoTMT-labeled peptides before MS analysis. During LC--MS/MS analysis of enriched peptides, SNO-Cys are identified by the site of iodoTMT labeling and quantified based on ratios of the iodoTMTsixplex reporter ions.

![Optimization of SNO-peptide enrichment for the ISA method. (A) Workflow for ISA. Up to six protein samples can be analyzed by ISA simultaneously. After switch labeling with iodoTMTsixplex reagents as shown in Figure [1](#fig1){ref-type="fig"}B, the six samples are combined for in-solution trypsin digestion and peptide enrichment with anti-TMT resin. The enriched peptides are analyzed by LC--MS/MS for SNO-Cys site identification and quantification based on iodoTMT reporter ions. (B) Anti-TMT antibody competitive elution using BIACORE system. (a) Surface plasmon resonance binding curve of anti-TMT binding to TMT-derivatized Biacore chip with (gray line) and without (black line) addition of a competitive TMT analogue compound. Ab, antibody. (b) Graph of competitive TMT analogue compounds screened using surface plasmon resonance. Binding data is normalized to mock injections and TMT antibody off rate steady state kinetics at 10 mM concentration of the testing compounds in 500 mM TEAB buffer, pH 8.5. DMAC, dimethylacetamide; DMPz, dimethylpiperizine, TMP, tetramethylpiperidine, MP, methylpiperidine, DMPp, 2,6-DMPp, DIPEA, diisopropylethylamine. (C) Comparison of acidic elution buffer EB1 and competitive elution buffer EB2 for enrichment of iodoTMT-labeled SNO-peptides. BV-2 cell lysates treated or untreated with SNOC (200 μM) were processed following the ISA workflow. LC--MS/MS analysis shows that iodoTMT-labeled peptides account for 0.15%, 0.22%, 6.13%, and 21.36% of total peptides in the unenriched, flow through, enriched by EB1 elution, and enriched by EB2 elution, respectively.](pr-2013-01179v_0003){#fig2}

A unique feature of the ISA workflow is the use of an immobilized anti-TMT resin for labeled peptide enrichment. Since an iodoTMT reagent is used to label peptides in the switch assay instead of a biotinylation reagent, endogenously biotinylated proteins are not pulled down during enrichment, resulting in improved specificity of detecting SNO-proteins. Previously, an acidic elution buffer \[50% (v/v) ACN/0.4% (v/v) TFA; EB1\] was used to elute TMT-labeled peptides from the anti-TMT resin after enrichment.^[@ref8],[@ref18]^ However, this buffer can also elute a certain amount of nonspecific binding peptides along with the specific TMT-labeled peptides. In order to further improve the specificity of the peptide enrichment while retaining the efficiency of the anti-TMT affinity precipitation, a new elution buffer containing a TMT structural analogue that could specifically compete for TMT-labeled peptide binding was developed. We screened a series of compounds representing various structural motifs of the TMT tag for testing anti-TMT binding affinity using a BIACORE competition assay (Figure [2](#fig2){ref-type="fig"}B, a). We found that structural analogues of the mass tag reporter region had the greatest ability to compete for anti-TMT antibody binding (Figure [2](#fig2){ref-type="fig"}B, b). Comparing the original acidic elution buffer EB1 with the newly developed competitive elution buffer (10 mM 2,6-DMPp/500 mM TEAB, pH 8.5; EB2) for enrichment of the iodoTMT-labeled SNO-peptides revealed a significant increase in labeled peptide percentage of total identified peptides from 6.13% to 21.36% (Figure [2](#fig2){ref-type="fig"}C). These data show that EB2 works more effectively than that of EB1 and was therefore used in ISA for subsequent studies.

Quantitative Analysis of Protein *S*-Nitrosylation in Vitro Using ISA {#sec3.3}
---------------------------------------------------------------------

To demonstrate the efficiency of the ISA method, triplicates of untreated and SNOC (200 μM)-treated BV-2 microglial cell lysates were analyzed by ISA. Figure [3](#fig3){ref-type="fig"}A shows a representative MS/MS spectrum of an identified SNO-peptide (left; peptide sequence: YVDIAIPcNNK; protein reference: 40S ribosomal protein SA; SNO-Cys modification site: C8). The quantification of this peptide is shown as well (Figure [3](#fig3){ref-type="fig"}A, right). In total, 134 SNO-Cys sites were identified, and they were detected in all of the three replicates. Ninety of them from 68 proteins showed significant changes in *S*-nitrosylation level (fold change \>1.3, *p* \< 0.05) when comparing between untreated and SNOC-treated samples ([Supplemental Table S1, Supporting Information](#notes-4){ref-type="notes"}). For the SNO-peptides significantly altered by SNOC, we were able to distinguish the modification site on eight peptides containing two Cys residues (Figure [3](#fig3){ref-type="fig"}B and highlighted in green in [Supplemental Table S1](#notes-4){ref-type="notes"}); and we also found five peptides with two or more SNO-Cys modifications per peptide (Figure [3](#fig3){ref-type="fig"}B and highlighted in red in [Supplemental Table S1](#notes-4){ref-type="notes"}). Four of the identified proteins were labeled by conventional method BST to validate these LC--MS/MS results (Figure [3](#fig3){ref-type="fig"}C). Overall, these results show the capability of ISA for SNO-Cys site localization and quantification in multigroup samples.

![Quantitative analysis of protein *S*-nitrosylation *in vitro* using ISA. (A) BV-2 cell lysates treated or untreated with SNOC (200 μM) were analyzed by the ISA method (*n* = 5). The MS spectrum (left) and quantification information (right) of an example peptide are shown. The coefficients of variation (CV) are 10% and 27% for the three replicates of untreated and SNOC-treated samples, respectively. (B) In total, we identified 90 SNO-Cys sites on 85 unique peptides exhibiting significant *S*-nitrosylation level changes (gray) and 44 sites on 43 peptides showing low response to SNOC treatment (white). Among the 90 significantly altered SNO-Cys sites, 8 multiple Cys-containing peptides (multi-Cys peptides) have only 1 site specifically *S*-nitrosylated; 5 multi-Cys peptides have 2 sites modified by *S*-nitrosylation; and the remaining SNO-Cys sites were identified in 72 peptides containing a single Cys (1-Cys peptides). (C) Four SNO-proteins identified by ISA were selected for validation with the BST method. Proteins in BV-2 cell lysates were *in vitro S*-nitrosylated by SNOC exposure (0, 20, or 200 μM) and then switch-labeled by biotin-HPDP. After pull-down with avidin, immunoblotting with individual antibodies confirmed these proteins were *S*-nitrosylated in a dose-dependent manner (left). Total proteins collected before pull-down are shown as loading controls (right).](pr-2013-01179v_0004){#fig3}

Analysis of Protein *S*-Nitrosylation in LPS-Stimulated BV-2 Cells by ISA {#sec3.4}
-------------------------------------------------------------------------

To assess the ability of ISA to investigate protein *S*-nitrosylation *in vivo*, we used the method to detect *S*-nitrosylation in a neuroinflammatory model using BV-2 microglial cells stimulated with LPS. Microglia are innate immune active cells in the brain and are associated with inflammatory responses to brain injury and neurological diseases such as Alzheimer's disease, Parkinson's disease, and stroke.^[@ref19]−[@ref22]^ These cells have been shown to respond to the endotoxin LPS to induce protein *S*-nitrosylation.^[@ref9],[@ref23]−[@ref25]^

After BV-2 cells were exposed to LPS (100 ng/mL) for 16 h, the NO concentration in the cell culture medium significantly increased (Figure [4](#fig4){ref-type="fig"}A, left), and no significant cell death was observed by the MTT assay (Figure [4](#fig4){ref-type="fig"}A, right). Biological triplicate LPS-treated and untreated BV-2 cells were then lysed in HENTS buffer, and equal amounts of the lysates were labeled by iodoTMTsixplex reagents (126, 128, and 130 for LPS-treated samples; 127, 129, and 131 for untreated samples). After anti-TMT enrichment, the percentage of iodoTMT-labeled peptides increased from 0.1% to 35.1% of the total peptides (data not shown).

![Analysis of protein *S*-nitrosylation in LPS-stimulated BV-2 microglial cells by ISA. (A) BV-2 cells were exposed to 100 ng/mL LPS for 16 h. NO production significantly increased after LPS-exposure as indicated by Griess assay (left). \*, *p* \< 0.05 vs untreated. Compared to the untreated sample, LPS treatment caused 2.4% cell death, which is not a significant change (MTT assay; right). (B) Untreated and LPS-treated samples were analyzed by ISA (*n* = 3). A total of 101 unique SNO-Cys sites were identified, of which 38 on 36 unique peptides showed significant differences (fold change \>1.3, *p* \< 0.05) in *S*-nitrosylation level between untreated and LPS-treated samples. To globally visualize the data set, a scatter plot was used to depict each of the SNO-Cys sites as a point, plotting the log2 fold change against −log10 *p*-value. The horizontal dashed line demarcates *p* = 0.05, and the vertical dashed line demarcates a 1.3-fold change. (C) The quantification information of three representative SNO-peptides is presented: IVSNAScTTNcLAPLAK from protein GAPDH \[CV (untreated) = 9%, CV (LPS) = 10%\], MIVEcVMNNATcTR from protein FABP5 \[CV (untreated) = 7%, CV (LPS) = 5%\], and VNQIGSVTESLQAcK from protein ENOA \[CV (untreated) = 11%, CV (LPS) = 5%\].](pr-2013-01179v_0005){#fig4}

A total of 101 unique SNO-Cys sites were identified, and the site overlap among the three replicates is shown as [Supplemental Figure S2, Supporting Information](#notes-4){ref-type="notes"}. To globally visualize the data set, log2 fold change of each SNO-Cys was plotted against −log10 *p*-value (Figure [4](#fig4){ref-type="fig"}B). Sixty-three SNO-Cys on 60 peptides showed low response to LPS stimulation, while *S*-nitrosylation levels of 38 SNO-Cys sites on 36 peptides corresponding to 30 proteins were significantly up-regulated (fold change \> 1.3, *p* \< 0.05; [Supplemental Table S2, Supporting Information](#notes-4){ref-type="notes"}). Among them, two peptides were detected with two SNO-Cys sites (highlighted in red in [Supplemental Table S2](#notes-4){ref-type="notes"}), and four peptides were identified with one SNO-Cys and another Cys residue with a different modification (highlighted in green in [Supplemental Table S2](#notes-4){ref-type="notes"}).

Figure [4](#fig4){ref-type="fig"}C shows the relative quantification of three example peptides that responded to LPS treatment. Peptide IVSNAScTTNcLAPLAK from protein GAPDH contains one Cys residue at C7 with an iodoTMT modification and another Cys residue at C11 with carbamidomethyl modification introduced during peptide alkylation by iodoacetamide before trypsin digestion (Figure [4](#fig4){ref-type="fig"}C, top). Peptide MIVEcVMNNATcTR from protein FABP5 has two Cys residues at C5 and C12, both of which can be *S*-nitrosylated but not simultaneously (Figure [4](#fig4){ref-type="fig"}C, middle). We present here a peptide where C12 was *S*-nitrosylated and C5 alkylated by carbamidomethyl. ENOA peptide VNQIGSVTESLQAcK contains only one Cys, which was *S*-nitrosylated (Figure [4](#fig4){ref-type="fig"}C, bottom). The MS/MS spectra of these three peptides are provided in [Supplemental Figure S3](#notes-4){ref-type="notes"}. These results indicate that ISA is able to map SNO-Cys sites even on peptides containing more than one Cys residue and illustrates that this method is efficient in quantitative analysis of protein *S*-nitrosylation under pathophysiological conditions.

Effect of SAC on LPS-Induced *S*-Nitrosylation in BV-2 Cells {#sec3.5}
------------------------------------------------------------

To demonstrate the application of ISA for comprehensive *in vivo* studies and to examine the multimodal action of botanical compounds as preventive medicine, we further investigated the effect of SAC on *S*-nitrosylation in LPS-stimulated BV-2 microglial cells. As the most abundant organosulfur compound in AGE, SAC has been reported to act as an antioxidant and show protective effects in many experimental paradigms of neurodegenerative diseases including ischemic and traumatic brain injury, Alzheimer and Parkinson's disease.^[@ref26]^ Since activation of microglia has been implicated in neuroinflammation underlying neurodegenerative diseases, we anticipate that studying the effect of SAC on protein *S*-nitrosylation in activated microglial cells would provide insights into the underlying mechanism(s) of SAC for the attenuation of excessive neuroinflammation and prevention of neurodegenerative diseases.

In this study, BV-2 cells were exposed to LPS in the presence or absence of SAC (5 mM) or [l]{.smallcaps}-NAME (0.5 mM), a known inhibitor of NO synthases. Our data showed that SAC significantly inhibited NO production induced by LPS but had no apparent toxicity to the cells (Figure [5](#fig5){ref-type="fig"}A). This result is in line with a previous report showing that SAC inhibited NO production in LPS/cytokine-stimulated macrophages.^[@ref27]^ ISA analysis with the biological triplicate LPS-treated and LPS + SAC-treated samples identified 115 SNO-Cys sites on 110 peptides. The modification site overlap of the three replicates is shown as [Supplemental Figure S4, Supporting Information](#notes-4){ref-type="notes"}. The identified SNO-Cys sites were visualized as points in a scatter plot generated by plotting log2 fold change against −log10 *p*-value (Figure [5](#fig5){ref-type="fig"}B). A total of 46 SNO-Cys sites on 46 proteins displayed significant changes in *S*-nitrosylation levels (fold change \>1.3, *p* \< 0.05; [Supplemental Table S3, Supporting Information](#notes-4){ref-type="notes"}). About 70% of the 46 SNO-Cys sites have been previously identified in other studies (data not shown). Figure [5](#fig5){ref-type="fig"}C shows relative quantification of three representative iodoTMT-labeled peptides whose *S*-nitrosylation level was down-regulated upon SAC treatment.

![Effect of SAC on LPS-induced *S*-nitrosylation in BV-2 cells. (A) A Griess assay (left) showed that NO production in BV-2 cells induced by LPS was significantly inhibited by SAC (5 mM) treatment as well as [l]{.smallcaps}-NAME (0.5 mM), a known NO synthase inhibitor. \*, *p* \< 0.05 vs untreated; \#, *p* \< 0.05 vs LPS. SAC or [l]{.smallcaps}-NAME alone has no significantly effect on NO production. Results of MTT assay (right) indicated LPS treatment caused about 12.5% cell death; however, the addition of SAC or [l]{.smallcaps}-NAME did not significantly affect the cell viability. (B) We identified 115 SNO-Cys sites with 46 of them differentially *S*-nitrosylated (fold change \> 1.3, *p* \< 0.05) responding to SAC treatment in LPS-stimulated BV-2 cells (*n* = 3). The identified SNO-Cys sites are indicated as dots in a graph generated by plotting log2 fold change against −log10 *p*-value. The horizontal dashed line is drawn at *p* = 0.05, and the vertical dashed line is drawn at fold change = −1.3. (C) The quantitative results of three peptides YTcSFcGK \[CV (LPS) = 6%, CV (LPS + SAC) = 33%\], SAVDNcQDSWR \[CV (LPS) = 4%, CV (LPS + SAC) = 13%\], and QAcTPMFR \[CV (LPS) = 8%, CV (LPS + SAC) = 15%\] are given as examples.](pr-2013-01179v_0006){#fig5}

Pathways and Functional Analysis {#sec3.6}
--------------------------------

In this study, we identified 68, 30, and 46 SNO-proteins that were differentially *S*-nitrosylated (fold change \> 1.3, *p* \< 0.05) responding to SNOC, LPS, and LPS + SAC treatments in BV-2 cells, respectively (Figure [6](#fig6){ref-type="fig"}A). There were 14 SNO-proteins shared by SNOC- and LPS-treated samples, suggesting common and distinct signaling pathways were triggered by these two treatments. Twelve common SNO-proteins were found between LPS and LPS + SAC treatments (Figure [6](#fig6){ref-type="fig"}A), indicating SAC partially attenuated the effect of LPS on protein *S*-nitrosylation but also had its own distinct targets. Nineteen out of 46 SNO-proteins responding to LPS + SAC-treatment were in common with the SNOC-treatment. The six SNO-proteins shared by all of the three groups include LCP1, PKM2, SLC25A5, CFL1, ENOA, and LDHA.

![Pathway and functional annotation. (A) The overlaps between the three subsets of SNO-proteins identified from different treatment conditions in this study. (B) Subcellular location of the 46 SNO-proteins responding to SAC treatment in LPS-stimulated BV-2 cells. (C) Top 10 IPA canonical pathways targeted by SAC in LPS-stimulated BV-2 cells are presented: (a), glycolysis I; (b), gluconeogenesis I; (c), EIF2 signaling; (d), sucrose degradation; (e), 14-3-3-mediated signaling; (f), TCA cycle II (eukaryotic); (g), regulation of eIF4 and p90S6K; (h), mTOR signaling; (i), remodeling of epithelial adherent junctions; (j), glycine biosynthesis I. These pathways were ranked according to their −log (*p*-value) (black bars). A ratio (gray square) indicates the number of identified SNO-proteins found in each pathway over the total number of proteins in that pathway. (D) The top protein network associated with SAC-treatment in LPS-stimulated BV-2 cells functions in neurological disease as predicted by IPA. Twenty-seven identified SNO-proteins are involved in this network and displayed in gray. The color intensity indicates the degree of down-regulation of protein *S*-nitrosylation. Solid lines in the network imply direct interactions between proteins, and dashed lines indicate indirect interactions. Geometric shapes represent various general functional protein groups (diamond for enzyme, oval for transcription regulator, trapezoid for transporter, inverted triangle for kinase, double circle for complex/group, and circle for others). Proteins in white shapes are not part of our data set but have relationships with our proteins in the network.](pr-2013-01179v_0007){#fig6}

In order to learn more about the molecular mechanisms of NO signaling under microglial activation and of SAC to modulate LPS-induced *S*-nitrosylation in BV-2 microglial cells, we conducted functional annotation and pathway analysis of the SNO-proteins identified. IPA analysis shows the 68 SNO-proteins significantly altered by SNOC treatment are mainly associated with neurological disease, immunological disease, and inflammatory disease, while the 30 SNO-proteins in response to LPS-stimulation are mostly involved in immunological disease and inflammatory disease/response (data not shown). Other functional annotation results for SNOC and LPS treatments, including molecular and cellular functions ([Supplemental Tables S4 and S5](#notes-4){ref-type="notes"}), subcellular locations, and top canonical pathways ([Supplemental Figures S5 and S6](#notes-1){ref-type="notes"}) are shown in [Supporting Information](#notes-4){ref-type="notes"}.

Specific effects of SAC were assessed using an in-house MULTICOM-PDCN analysis.^[@ref17]^ The results of this analysis shows that the 46 SNO-proteins modulated by SAC are mainly located in the cytoplasm and the nucleus (Figure [6](#fig6){ref-type="fig"}B), and they are involved in diverse molecular and cellular functions including carbohydrate metabolism, cellular assembly and organization, cellular function and maintenance, molecular transport, and RNA trafficking as predicted by IPA (Table [1](#tbl1){ref-type="other"}). Top canonical pathways in which these proteins participate include glycolysis I, gluconeogenesis I, EIF2 signaling, sucrose degradation, 14-3-3-mediated signaling, TCA cycle II (eukaryotic), regulation of eIF4 and p90S6K, mTOR signaling, remodeling of epithelial adherent junctions, and glycine biosynthesis I (Figure [6](#fig6){ref-type="fig"}C). Moreover, SAC mediated a protein--protein interaction network that functions in neurological disease (Figure [6](#fig6){ref-type="fig"}D). Twenty-seven out of the identified 46 SNO-proteins are involved in this network. These findings illustrate that SAC exhibits multimodal action on protein *S*-nitrosylation under microglial activation, which may further contribute to the reversing effects in neurological diseases.

###### Molecular and Cellular Functional Annotation of the SNO-Proteins Modulated by SAC in LPS-Stimulated BV-2 Microglial Cells

  name                                 *p*-value                            no. molecules
  ------------------------------------ ------------------------------------ ---------------
  carbohydrate metabolism              1.09 × 10^--06^ to 3.68 × 10^--02^   10
  cellular assembly and organization   2.86 × 10^--06^ to 4.80 × 10^--02^   15
  cellular function and maintenance    2.86 × 10^--06^ to 4.80 × 10^--02^   14
  molecular transport                  5.08 × 10^--06^ to 4.35 × 10^--02^   19
  RNA trafficking                      5.08 × 10^--06^ to 7.00 × 10^--03^   4

Discussion {#sec4}
==========

*S*-Nitrosylation is regarded as a major mechanism for NO bioactivity^[@ref1]^ with participation in cellular processes, including vasodilation, neurotransmission, apoptosis, cellular trafficking, and cell cycle regulation.^[@ref28],[@ref29]^ To facilitate efficient investigation of *S*-nitrosylation under physiological and pathophysiological conditions, we have developed a novel MS-based ISA method based on the conventional BST assay for the detection, identification, and multiplex quantification of SNO-Cys residues. We demonstrated in both *in vitro* and *in vivo* studies under physiological conditions that ISA is an effective tool for investigation of protein *S*-nitrosylation with several unique features: (i) irreversible labeling of SNO-Cys residues for specific MS detection and site-mapping; (ii) anti-TMT enrichment and competitive elution to improve efficiency of identification of SNO-peptides; and (iii) multiplex iodoTMT reagents for unbiased quantification of SNO-proteins from complex biological samples under different conditions.

There is substantial evidence indicating that *S*-nitrosylation is a highly conserved process and is precisely regulated in cells.^[@ref1],[@ref30]−[@ref34]^ Despite the possibility of multiple Cys residues in a protein, only specific sites can be *S*-nitrosylated in response to NO signaling and subsequently regulate protein activities.^[@ref35]−[@ref37]^ Unlike other PTMs in proteins (e.g., phosphorylation, glycosylation, and sumoylation), the linear consensus motif and structural environment that promote protein *S*-nitrosylation are currently under intensive discussion. Increasing evidence shows a consensus acid--base motif containing an acidic or basic residue flanking the SNO-Cys sites in the primary amino acid sequence or tertiary structure plays a critical role in protein *S*-nitrosylation.^[@ref38]−[@ref41]^ Proteome-wide studies also show that hydrophobicity of flanking residues, sulfur atom exposure, and Cys relative surface accessibility are potential factors contributing to the specificity of *S*-nitrosylation.^[@ref7],[@ref41],[@ref42]^ Since there are multiple molecular mechanisms for protein *S*-nitrosylation, it seems that the environments surrounding modified Cys residues possess diverse features rather than a general rule that applies to all SNO-Cys sites.^[@ref40],[@ref42]^ In our study, we identified a total of 133 SNO-Cys sites from 105 proteins in BV-2 cells responding to different stimulations (SNOC, LPS, and LPS + SAC; [Supplemental Table S6, Supporting Information](#notes-4){ref-type="notes"}). Motif analysis by the Motif-X algorithm^[@ref16]^ using the 133 SNO-Cys sites identified here demonstrated six consensus sequences ([Supplemental Figure S7, Supporting Information](#notes-4){ref-type="notes"}). In motifs \#2, \#3, and \#6, modified Cys residues are flanked by an acid or basic amino acid, which is in line with the previously found acid--base motif. Motifs \#4 and \#5 are consistent with the previously predicted motifs containing hydrophobic amino acids. The most statistically significant consensus sequence, MxxC in motif \#1, has not been observed previously, suggesting that the proximal polar amino acids may also play a role in selective Cys *S*-nitrosylation.

Given the complexity, prediction of *S*-nitrosylation sites by computational approaches remains challenging. Therefore, determining the locations of SNO-Cys sites still relies on proteomic analyses to provide large informative data sets. In previously established SNOSID and SNO-RAC methods, the labeling of SNO-proteins with biotin-HPDP or thiol-reactive resin is a reversible process, and therefore the tags can be lost during peptide elution from the resin at the affinity enrichment step.^[@ref5],[@ref6]^ Without labeling, it is difficult to locate the SNO-Cys sites on peptides with multiple Cys residues by MS analysis. In addition, it is difficult to exclude nonspecific peptides, thus introducing false positive signals. The peptides linked to SNO-peptides by intermolecular disulfide bonds could be one of the "nonspecific" sources, but a reduction step to break the disulfide bonds in protein samples before affinity enrichment is not feasible in these methods due to their reversible nature of SNO-Cys labeling.^[@ref43]^ In contrast, the iodoacetyl reaction of iodoTMT reagent with *S*-nitrosothiol used in the ISA method is irreversible resulting in a stable tagging modification even under reducing environments. The iodoTMT tag on SNO-Cys easily removes the ambiguity of site assignment and excludes potential false positive signals from nonspecific peptides in MS analysis. For example, the GAPDH peptide IVSNAScTTNcLAPLAK, corresponding to residues 144--160, was previously identified by the SNOS**I**D method as endogenous SNO-Cys-containing peptide, although the position of the Cys residue undergoing *S*-nitrosylation was unknown.^[@ref5]^ In this study using the ISA approach, we successfully determined Cys-150 as the *S*-nitrosylation site but not Cys-154 in response to LPS treatment ([Supplemental Table S2 and Figure 4C, Supporting Information](#notes-4){ref-type="notes"}). It has been reported that *S*-nitrosylation of GAPDH at Cys-150 leads to its binding to Siah1 (an E3 ubiquitin ligase) which further initiates apoptotic cell death.^[@ref44]^ On the basis of this example, unambiguous SNO-Cys site-mapping by the ISA approach can provide clues and directions for future functional analysis of SNO-proteins.

Sensitivity is an important criterion when investigating *S*-nitrosylation due to the labile nature and low abundance of this modification. However, most existing methods were assessed under very different conditions (e.g., concentrations of NO donors, cell or tissue types, or treatment conditions), resulting in difficulty in comparing sensitivity. Particularly, high doses of NO donors, beyond the range of physiological NO concentrations, were used in previous proteomics investigations. For instance, *S*-alkylating labeling strategy determined 586 SNO-Cys sites of 384 SNO-proteins from 1 mM *S*-nitroso-*N*-acetylpenicillamine/[l]{.smallcaps}-cysteine-treated mouse MS-1 endothelial cells,^[@ref7]^ and SNO-RAC identified 396 SNO-peptides using 500 μM SNOC treatment in HEK293 cells.^[@ref6]^ Even though a large number of SNO-proteins were identified, the biological relevance of these data and the sensitivities of these methods under *in vivo* conditions remain uncertain. Methods using physiological or pathological conditions to induce *S*-nitrosylation have previously identified up to 90 SNO-Cys sites.^[@ref5],[@ref8],[@ref18],[@ref45],[@ref46]^ In particular, a recent report using a sequential iodoTMT switch strategy to monitor multiple Cys modifications identified 13 SNO-Cys on 12 proteins exhibiting significant level changes in *S*-nitrosoglutathione-treated heart myoblast H9c2 cells under hypoxia conditions.^[@ref18]^ With similar experimental conditions, we identified 90, 38, and 46 SNO-Cys sites significantly altered by SNOC, LPS, and LPS + SAC treatments in BV-2 microglial cells, respectively. The good sensitivity of ISA results from its robust workflow with irreversible iodoTMT labeling for investigation of protein *S*-nitrosylation only and the use of competitive elution for efficient anti-TMT peptide enrichment. As shown in Figure [2](#fig2){ref-type="fig"}C, the new volatile competitive elution buffer containing a TMT analogue (2,6-DMPp) significantly increased the percentage of the iodoTMT-labeled peptides in total identified peptides (21.36%) compared to that eluted by the nonselective acidic elution buffer (6.13%), which was used in previous studies.^[@ref8],[@ref18]^

Multiplex quantification using LC--MS/MS is a powerful method for simultaneous analysis of samples from biological replicates, time courses, or different experimental conditions such as healthy versus disease or various drug treatments. Previously, MS quantification of *S*-nitrosylation has been accomplished using isotope-coded affinity tags (ICAT) labeling,^[@ref43],[@ref47]^*S*-nitrosothiol capture (SNOCAP) reagents,^[@ref48]^ isobaric tag for relative and absolute quantitation (iTRAQ)-coupled SNO-capture techniques,^[@ref6]^ or cysTMT switch labeling.^[@ref8]^ ICAT and SNOCAP are stable isotope labeling methods for comparing relative peptide abundance at the MS level but are limited to the analysis of two samples at a time. Moreover, the quantification of peptide ratios using MS peak intensities may be unreliable due to the shift of elution time between the light and heavy labeled counterparts on the RP-LC separation by ICAT and SNOCAP.^[@ref49]^ In contrast, isobaric tags with the identical mass and chemical structures (e.g., iTRAQ and TMT) allow for multiplexing up to 8 or 10 samples in a single LC--MS/MS analysis. Amine-reactive iTRAQ tags have been used for labeling SNO-peptides, but as there is no mass signature on SNO-Cys, the SNO-RAC workflow is unable to localize SNO-Cys sites despite MS quantification of the enriched peptides.^[@ref6]^ Utilizing isobaric cysTMTsixplex reagents in the cysTMT switch assay achieves both site-mapping and multiplex quantification.^[@ref8]^ However, the output of this method is relatively low for cell-based study, as only 25 SNO-Cys sites were detected from SNOC (200 μM)-treated cells. Since cysTMT labeling of SNO-proteins is reversible, it is not compatible with reduction/alkylation, which is required for complete protein denaturation before trypsin digestion. This may result in incomplete digestion in complicated protein samples therefore hindering the efficiency of MS detection. Unlike cysTMT, the iodoTMT reagents irreversibly label Cys thiols for improved labeling of SNO-proteins. Coupled with the improved competitive elution buffer for anti-TMT enrichment, the ISA workflow allows for multiplex *S*-nitrosylation sample analysis with high efficiency and specificity.

Emerging evidence indicates that protein *S*-nitrosylation exerts critical roles in a variety of cellular processes by regulating protein folding, ubiquitination, mitochondrial dynamics, and signal transduction.^[@ref3],[@ref50]−[@ref53]^ Many neurodegenerative diseases involve nitrosative stress and proinflammatory responses including protein *S*-nitrosylation with activation of microglial cells.^[@ref19],[@ref54],[@ref55]^ Our investigation of the *S*-nitrosylation proteome using ISA in LPS-stimulated BV-2 cells provided insights into the NO signaling pathways under microglial activation and shed light on possible molecular mechanisms contributing to neurological diseases. IPA results showed that several mitochondrial metabolic pathways (e.g., glycolysis I, gluconeogenesis I, and TCA cycle II) are altered by *S*-nitrosylation in LPS-stimulated BV-2 microglial cells ([Supplemental Figure S6, Supporting Information](#notes-4){ref-type="notes"}). These results are consistent with a recent report in which a number of enzymes that regulate these metabolic pathways were found to be *S*-nitrosylated in different mouse organs.^[@ref56]^ There are also other studies showing that glycolysis was increased in LPS-induced BV-2 cells,^[@ref57]^ and monocyte-derived inflammatory dendritic cells committed to glycolysis to maintain ATP levels when oxidative phosphorylation was inhibited by NO.^[@ref58]^ It is possible that *S*-nitrosylation of the enzymes in glycolysis and other mitochondrial metabolic pathways identified here are involved in the regulation of these pathways during inflammatory response.

SAC is a botanical compound extracted from AGE that possesses antioxidant properties.^[@ref26]^ Administration of SAC to cells before LPS induction of *S*-nitrosylation was able to restore the effect of LPS on glycolysis I and gluconeogenesis I (Figure [6](#fig6){ref-type="fig"}C), suggesting a protective effect for SAC on mitochondrial metabolism. To our knowledge, this is the first time SAC has been linked to glycolytic/gluconeogenic metabolism regulation. Our data also showed that SAC altered protein *S*-nitrosylation in the eIF2 (eukaryotic initiation factor 2) signaling pathway, which is known to be an important pathway controlling translation initiation of cellular recovery genes in response to various stresses in eukaryotic cells and is associated with pathogenesis of neurodegenerative diseases including Alzheimer's disease.^[@ref59],[@ref60]^ SAC may act through eIF2 signaling as well as other neurological disease-related pathways identified here (Figure [6](#fig6){ref-type="fig"}C), such as mTOR- and 14-3-3-mediated signaling,^[@ref61]−[@ref63]^ to take part in nitrosative stress defense.

Collectively, our data demonstrate that the ISA method is a powerful tool to profile protein *S*-nitrosylation under physiological/pathological conditions. ISA provides a simple solution to the multiple problems existing in previous methods for *S*-nitrosylation analysis. With high specificity, high sensitivity, and site-mapping/quantification ability, ISA well meets many of the current demands for the investigation of protein *S*-nitrosylation. This approach could have broad applications in the determination and comparison of *S*-nitrosylation proteome under various conditions. It can be used to help further our understanding of molecular mechanisms for NO signaling and progression of diseases. Moreover, it may also facilitate identifying potential therapeutic targets for disease treatment and elucidating effects of drugs.

Supplementary figures and tables. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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ACN

:   acetonitrile

AGE

:   aged garlic extract

BCA

:   bicinchoninic acid

biotin-HPDP

:   *N*-\[6-(Biotinamido)hexyl\]-3′-(2′-pyridyldithio) propionamide

BST

:   biotin switch technique

CID

:   collision-induced dissociation

Cys

:   cysteine

2,6-DMPp

:   cis-2,6-dimethylpiperidine

CV

:   coefficient of variation

DMEM

:   Dulbecco's modified Eagle's medium

FBS

:   fetal bovine serum

FT

:   Fourier transform

HCD

:   higher-energy collision dissociation

ICAT

:   isotope-coded affinity tags

IPA

:   Ingenuity Pathway Analysis

iodoTMT

:   Cys thiol-reactive iodoacetyl tandem mass tag

ISA

:   iodoTMT switch assay

iTRAQ

:   isobaric tag for relative and absolute quantitation

[l]{.smallcaps}-NAME

:   *N*-omega-nitro-[l]{.smallcaps}-arginine methyl ester hydrochloride

LPS

:   lipopolysaccharide

MMTS

:   *S*-methyl methanethiosulfonate

MS

:   mass spectrometry

LC--MS/MS

:   liquid chromatography--tandem MS

MTT

:   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2*H*-tetrazolium bromide

NO

:   nitric oxide

RT

:   room temperature

SAC

:   *S*-allyl cysteine

SNOCAP

:   *S*-nitrosothiol capture

SNO-RAC

:   *S*-nitrosothiol resin-assisted capture

SNOC

:   *S*-nitrosocysteine

SNO-Cys

:   *S*-nitrosylated cysteine

SNO-peptide

:   *S*-nitrosylated peptide

SNO-protein

:   *S*-nitrosylated protein

SNOSID

:   SNO-Cys site identification

TEAB

:   tetraethylammonium bicarbonate

TFA

:   trifluoroacetic acid
